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Abstract
Pig skin lesions are common significant welfare issues, and can cause large economic losses, due to culling of severely affected animals or carcass condemnation at slaughter. It was considered that the treponemal bacteria associated with digital dermatitis (DD) lesions in cattle, sheep and goats may have a role in these pig lesions.
Specific diagnostic PCR assays for three cultivable DD Treponema phylogroups were used to survey relevant porcine lesion samples. Using these assays, DD treponemes were detected in 88% (22/25), 72% (8/11) and 82% (14/17) of tail, ear and flank lesions, respectively. Mouth swabs from animals kept in enclosures with high prevalence of skin lesions were positive for the DD treponemes, but not in enclosures with low lesion prevalence.
Culture of treponemes from skin lesions resulted in pure isolates of all three DD-associated phylogroups. This study shows a strong association of DD treponemes with a range of pig skin lesions.
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1.	Introduction 

Intensive farming of animals leads to increased contacts among animals, and thus offers an ideal environment for spread of infections (Boender et al., 2007). Diseases such as foot and mouth disease (Moutou et al., 1994), swine dysentery (Osorio et al., 2012) and avian influenza (Boender et al., 2007b) all spread rapidly amongst farmed animals, often causing huge economic losses and animal welfare issues. 
Many bacteria are found in a farm environment, but most of these do not cause disease or illness in animals; with many considered beneficial. Treponemal bacteria are widely represented in farm animals with several having important roles in nutrition e.g. Treponema saccharophilum which is involved in pectin digestion (Liu et al., 2013). However, some treponemes are considered to be pathogenic and several are closely associated with severe infectious diseases causing lameness in several animal species. In particular, distinct Treponema phylotypes are known to be associated with digital dermatitis (DD), an infectious foot disease causing severe lameness in cloven hoofed animals, including dairy and beef cattle worldwide (Dawson, 1998; Sullivan et al., 2015), sheep from the UK (Dhawi et al., 2005; Sullivan et al., 2015b) and Republic of Ireland (Duncan et al., 2014; Sayers et al., 2009), goats (Sullivan et al., 2014) and also wild elk (Clegg et al., 2014). Lesions from the feet of the affected animals consistently contain spirochetes from several closely related Treponema phylogroups known as T. medium phylogroup, T. phagedenis phylogroup and T. pedis phylogroup (Evans et al., 2008; 2009). Initial studies indicated that these bacteria were quite specific for DD lesions. However, in addition to causing DD foot lesions, recent reports show that these particular treponemes can be consistently isolated from other livestock skin lesions (Karlsson et al 2013, 2014; Evans et al, 2010) and are closely associated with severe outcomes and poor treatment responses (Mumba et al., 1999). 
In pigs, there are several common and severe skin lesions which are animal welfare issues because of the resulting pain and may have economic implications if the carcass is considered contaminated. The loss to the British pig industry from carcass condemnation due to skin lesions was estimated to be £3.5 million in one year (Moinard et al., 2003). One group of skin lesions are frequently described as “vice” lesions and considered to be due to biting behaviour by other animals. These include flank, ear and tail lesions. Flank lesions can have a high prevalence on farms (often 40% or more (Whay et al., 2007) and be so severe that the pig carcass may be downgraded or condemned, (Smith et al., 1986; Hunter et al., 1999; Hunter et al., 2001). Ear necrosis in young and adult pigs is frequently the most recorded clinical sign on pig farms (Petersen et al., 2008) and can have very high prevalence, even up to 100% on some pig farms (Weissenbacher-Lang et al., 2012) and in some countries is considered endemic. Pig tail lesions are a major risk for weight loss, as much as 12kg per pig (Harley et al., 2014) and a recent study from the Netherlands estimates tail damage among pigs causing a financial loss of over €8 million for the national pig sector (Zonderland, 2010).
It is not known if there is a common infective element contributing to these lesions even as secondary invaders of pre-lesional skin, or whether the infective agent could be acting as the primary aetiological agent of the lesion, and the behavioural changes such as tail biting, ear nibbling and flank biting are in fact secondary to these infective skin lesions. 

It is apparent that bacterial infections play a part in these skin lesions and multiple species have been identified. However, the majority of these appear to be opportunistic secondary invaders. There have been two reports (Karlsson et al, 2013; 2014) of a high incidence of treponemes in pig skin lesions. As DD-associated treponemes have previously been isolated from skin lesions on pigs, albeit infrequently, this study was designed to ascertain if these bacteria are consistently associated with a range of skin lesions including those on the ear, flank and tail. 

2.	Methods

2.1 Farm data 
Most samples were taken from one farm, based in the south west of England. This farm houses around 7000 pigs across two sites, with one site used for sows and breeding boars, and the other used for finishing boars prior to slaughter. Sows at the first site were housed on slatted floors with straw bedding, in groups of around 50, with the breeding boars housed close by, but in separate pens. Animals at the latter site, which had a noticeably higher prevalence of lesions, were housed in smaller slatted floor enclosures, in groups, (mean n= 29; range 26 to 35; age = 16-22 weeks; weight = 50–100 kg). Twenty pens from the second site were chosen at random to be investigated. 
A new scoring system was applied to lesions, where 0 indicated no lesion, one was a mild lesion unlikely to affect animal welfare or cause economic loss, and two was a severe lesion, considered likely to cause economic loss at slaughter. 
In order to confirm that this was not just a problem on a single farm, skin swabs were also taken from three other farms, and non-lesional tissue samples were taken from animals on affected farms, animals presenting for slaughter and those at a fallen stock centre. 

2.2 Sample collection
Tissue samples were obtained from lesions seen on pig tails (n= 6), flank (n = 2) and ears (n=3) as well as eight unaffected samples from the ears, flank and tails of animals with no signs of lesions (Table 1). These samples were taken during a routine veterinarian visit, as scrapes of lesions, or deeper tissue samples if an animal was euthanized for other reasons. 
In addition, dry swabs were taken from tail lesions (n = 25), flank lesions (n= 17) and ear lesions (n= 11).

For control samples, tissues were taken from flanks, tails and ears on animals which died or were euthanized due to other causes. Four of these samples were taken from the same farm to act as direct controls, and four were taken from a local slaughter house and fallen stock centre. 

In addition, swabs were taken from the mouths of pigs during routine veterinary inspection. Five mouth swabs were taken from a pen where there was a high prevalence of flank, tail and ear lesions, and five were taken from a pen containing pigs with no apparent skin lesions. Tissue samples were placed in 2ml of oral treponeme enrichment broth transport medium (OTEB: Anaerobe Systems, Morgan Hill, CA, USA) containing rifampicin (5 μg/ml) and enrofloxacin (5 μg/ml)) and transferred to the laboratory. 
Swabs were taken to the laboratory and stored at 4°C until subjected to DNA extraction for PCR detection of DD treponemes. 

2.3 Isolation of spirochetes
Spirochete isolation attempts were made on all tissue samples taken from affected pigs, including six tail lesions, two flank lesions, and eight normal skin samples taken from the flank, ear and tail of normal animals. These bacterial isolations were as described previously using OTEB including rifampicin (5 μg/ml) and enrofloxacin (5 μg/ml (Evans et al., 2008). To maximise isolation attempts, samples were inoculated into OTEB containing foetal calf serum (FCS) (Gibco, Paisley, UK), to maximise growth of T. phagedenis and T. pedis phylogroup treponemes and rabbit serum (RS (GE Healthcare Life Sciences, Buckinghamshire, UK) to maximise growth of T. medium phylogroup treponemes. All isolation attempts were carried out in an anaerobic cabinet (85% N2, 10% H2 and 5% CO2, 36ºC). Cultures were screened by phase contrast microscopy and analysed by specific nested PCR assays to identify any specific treponeme phylogroups present as described below.

Treponeme passage was continued via fastidious anaerobe agar (FAA) plates, supplemented with 5% defibrinated sheep blood and antibiotics as above, and single colonies from the plates were inoculated into further OTEB tubes as described above to allow pure bacterial cultures to be obtained.

2.4 DNA extraction
For isolation of bacterial genomic DNA from OTEB cultures, 2 ml of the culture was centrifuged (5000 g, 10 min, 4°C) in a bench-top centrifuge. DNA was then extracted from the cell pellet using Chelex-100, as previously described (Chua et al., 2005) and stored at -20°C.
For extraction of DNA from tissues and swabs, a QIAquick DNeasy blood and tissue kit (Qiagen, Manchester, UK) was used following manufacturer’s instructions. 

2.5 PCR assays 
Cultures of lesion tissues taken from pig ear, flank and tails were subjected to nested PCR assays specific for the three DD-associated treponeme phylogroups, T. medium, T. phagedenis and T. pedis as described previously (Evans et al., 2008) with resulting PCR products encompassing 300 to 500bp of the 16S rRNA gene. For identification of bacterial isolates, PCR and gene sequencing of almost the entire 16S rRNA gene PCR amplicon was carried out (Evans et al., 2008). 
To validate PCR assays, each experiment included positive controls (bovine DD treponeme genomic DNA from each of the three unique bovine DD treponeme phylogroups) and a negative control (water) as described previously (Evans et al., 2008) and all assays were carried out in triplicate.
All swab and tissue samples were also subjected to the Treponema genus PCR assay which detects all Treponema species, both pathogenic and commensal (Moore et al., 2005), using the same positive and negative controls. 

2.6 Sequencing and sequence analysis
Amplified PCR products were sequenced commercially (Macrogen, Amsterdam) and gene sequences assembled using Chromas Pro sequence analysis package (Technelysium Pty ltd). Gene sequences were aligned using CLUSTALW as implemented in MEGA 5.0 (Tamura et al., 2011). The nucleotide sequence alignment was subjected to Modeltest, as implemented in Topali (Milne et al., 2009), which revealed that the best fit model was General Time Reversible (GTR). This was used to produce nucleotide maximum likelihood phylogenetic trees (bootstrap values based on 10000 iterations). Treponeme 16S rRNA gene sequences, previously isolated from cattle and sheep in an area local to the pig farm were compared to the pig sequences. 

3.	Results 

3.1 Lesion prevalence
Pigs in twenty fully slatted automatically controlled natural ventilation (ACNV) Trowbridge type pens were examined for the prevalence of lesions on the ear, tail and flank. There was a large variation between pens in the incidence of lesions; in some pens all the pigs were affected (to varying degrees) and in other pens no skin lesions were seen.
The average number of lesions per pen was 1.45 (range 0 to 4) for ear lesions, 3.00 (range 0 to 10) for flank lesions and 7.55 (range 0 to 27) for tail lesions. In addition, some animals had multiple lesions, but these were not recorded. 
 
3.2	Lesion presentation 
The pig flank skin lesions sampled were typically seen as small erosive areas, 10 – 30mm in diameter, sited either in the lower flank area, over the chest or around the head. The ear lesions were a similar size and seen on the ear lobes, where the ear joins the head, and on the ear tips (Fig 1). 
In most cases, the lesion appeared to involve the epidermis only, producing a stippled and erosive central area, often with black peripheral encrustation. On the ears, but not on the flank and chest, there was often total loss of tissue, leading to distortion of the shape of the ear. 
The tail lesions sampled varied from small epidermal erosive lesions on the tail tip (graded in this study as 1), similar in appearance to the flank erosions described above, to a more generalised cellulitis affecting both the dermis and epidermis. In the latter cases, the affected tails were swollen, the tissue at the tip necrotic and sloughing, and there was an ascending infection into the coccygeal area (graded in this study as 2). 

3.3 Spirochete isolations from tissue samples and treponeme PCR assays 
Tissue samples cultured for treponeme growth were lesions on pig ears (n = 3), tail (n = 6) and flank (n = 2) at slaughter, or from fallen stock centres. In addition, post mortem samples were tested from the same, but unaffected areas, on normal pigs showing no signs of lesions (n = 8) (Table 1). 
None of the tissue samples taken from unaffected animals, cultured and then analysed by phase contrast microscopy showed any signs of treponeme presence or growth. These bacterial cultures (and the tissues themselves) were also negative when tested by the Treponema genus PCR assay. 
Of the three ear lesions, all were positive for treponeme growth on examination by phase contrast microscopy, and this was confirmed by the Treponema genus PCR assay and the nested PCR assays for all three DD treponeme phylogroups. Five of the six tail lesions, and one of the two flank lesions were spirochaete positive upon microscopic examination, with the two negative cultures being highly contaminated with other bacteria. However, upon diagnostic PCR assay examination, all tissue bacterial cultures were positive for both Treponema genus and, specifically, DD associated treponemes, including the two cultures which appeared negative by microscopy. 
Upon examination of the primary cultures (24-36 hours) by phase contrast microscopy, two tail lesion cultures, one ear lesion culture and one flank culture had only low levels of bacterial contamination and, in these cases we were able to subsequently isolate a single discrete treponeme from each culture which was further analysed by 16S rRNA gene sequencing, and where valid, housekeeping gene sequencing also.

For all of the 11 lesions tested directly by the treponeme PCR assays, at least one of the three DD-associated treponeme phylotypes was detected. On culture, at least one of T. medium, T. phagedenis or T. pedis phylogroup treponemes were detected by PCR in all tail, ear and flank lesions. One lesion (9%) contained all three DD-treponeme phylogroups, five (45.5%) contained two, and five (45.5%) just one (Table 2). 

3.4. Analysis of Lesion Swabs
In total, 53 skin lesion swabs (11 ear swabs, 17 flank and 25 tail lesions) had DNA extracted and analysis by PCR assays for the presence of DD-associated treponemes. An additional ten swabs were taken from the ears, flanks and tails of unaffected animals on the same farm. When tested by nested PCR, one or more DD treponemes were detected in swabs of 88% (22/25), 72% (8/11) and 82% (14/17) of tail, ear and flank skin lesions, respectively. By comparison, all tissue samples and swabs taken from the same sites on unaffected animals (no skin lesions) were all negative for the DD treponemes by PCR. 

When mouth swabs from animals in pens with a high incidence of tail, flank or ear lesions were tested, then 100% (n=5) of the mouth swabs were PCR positive for DD treponemes. Conversely, all mouth swabs (n = 5) taken from pigs in pens with no lesions were PCR negative for any DD treponemes. 
Due to known difficulties in isolating treponemes from cotton swabs, isolation was not attempted on these samples. 

3.6 16S rRNA gene sequence analysis
Four pure treponeme culture isolates were obtained from lesions taken from pigs at slaughter, two from the tail and one each from the flank and the ear, which were subjected to 16S rRNA gene amplification by PCR and sequencing. To determine the relationship of the pig treponeme isolates to those commonly found in other animals (sheep, elk, goats, humans and cattle), the 16S rRNA gene sequences were compared to other previously sequenced treponeme isolates by phylogenetic analysis (Fig 2).

All four isolated treponemes showed high similarity to previously isolated treponemes from a variety of hosts. The isolate ‘pig ear 1’ was identical to those isolated from a case of DD in goats. Furthermore, the two isolates belonging to the T. phagedenis phylogroup (Pig tail 1 and pig flank 1, Fig 2) had an identical 16S rRNA gene to bacteria previously isolated from other animals. In addition, the pig tail 2 isolate was identical to previous T. medium isolates. 

Comparisons were made of two treponeme isolates from two different lesions on a pig. Analysis of the 16S rRNA gene sequences indicated the presence of the T. phagedenis phylogroup in both samples, both of which had identical 16S rRNA gene sequences. 

4.	Discussion 
Shoulder, flank, ear and tail lesions can cause economic losses due to difficulties in selling pigs with these lesions; additionally they can have serious welfare issues for the pig itself, with advanced tail lesions sometimes leading to spinal abscesses, hind limb paresis and in some cases, euthanasia on welfare grounds.  
Tail bites and other skin lesions can lead to septicaemia, which can result in total condemnation of the carcass at slaughter, with a large economic loss to farmers (Smith et al., 1986; Hunter et al., 1999; 2001). Furthermore, during inspection of 75,130 bacon weight pigs, slaughtered in Northern Ireland, internal abscesses were found in 0.26% of carcasses, and tail biting was the cause of infection in 61.7% of these cases (Huey et al., 1996). Additionally, studies have shown that there can be a significant decrease in weight gain from pigs which have tail biting lesions (Wallgren et al., 1996). 
The prevalence of ear necrosis can vary both between farms and within pens on a farm. The presence of lesions in this study varied considerably between pens, with 100% of animals affected in some pens but none in others. 
The high prevalence of DD-associated treponemes within all three different lesion types suggests that the treponemes may be playing a role in the disease pathology. When lesional tissue was sampled and examined, DD-associated treponemes were detected in every case. This figure was reduced by some extent, when surface swabs were used for sampling of large numbers of animal lesions compared to the higher detection rate for direct testing of lesional tissue samples. However, even with simple swabbing alone, DD-associated treponemes were found in the vast majority of the different skin lesions. This strongly suggests a common infective aetiology, even if the treponemes are secondary invaders of already traumatised tissues. It may be that the treponemes exacerbate the severity of any prior tissue damage and there is strong evidence that they can prevent routine tissue repair and healing processes (Svartstrom et al., 2013; Zuerner et al., 2007) and hence may keep the wound open and enable further organisms to invade and colonise tissues.

It has previously been suggested that Treponema pedis resides in the mouth of pigs (Karlsson et al., 2015). This study builds on this data, suggesting that all three major phylogroups of DD-associated treponemes can be found in the mouths as well as in skin lesions of pigs. This could be important as a means of transmission in what are perceived to be lesions triggered by biting behaviours.
Although obtaining tissues samples for isolation of mouth treponemes was not possible in this study due to the animals being alive, analysis of swabs of the mouth suggested that the same treponeme phylogroups were found in the mouths of pigs as found in the skin lesions in pigs within a given enclosure. This could mean that biting of the tails by animals which have mouth treponemes may lead to the infection of the tails. Alternatively, the opposite could also be true, that tail biting is initiated by the presence of an erosive lesion on the tail caused by a treponeme infection, which then leads to an infection in the mouth. If the latter is correct, then it must seriously challenge the accepted concept of tail biting, ear nibbling and flank biting being primarily a vice. Further research will be required to elucidate a route of transmission and whether these lesions are primary or secondary to skin abrasions e.g. from fighting or biting. 
Comparisons of treponemes found in pig lesions with treponemes from cattle lesions shows that those in cattle invariably tend to contain more than one treponeme phylogroup compared to those found in pig tail lesions, where 22% (14/64) of all positive swabs and tissues from pig lesions contained more than one DD treponeme phylogroup compared to 74.5% in cattle (Evans et al., 2009b). Additionally, although a previous report suggested that T. pedis is particularly important in the pathology of skin lesions in pigs (Svartstrom et al., 2013), this study suggests that all three DD treponeme phylogroups are associated with pig skin infections. Indeed, 36% (23/64) of pig skin lesion tissues and swabs which were positive for the presence of treponemes did not contain T. pedis. The prevalence of T. pedis in pig skin lesions is less common than seen in foot lesions (DD and other lesions involving the DD-associated treponemes) in other animal species (Sullivan et al., 2015; 2015b). 
Analysis of the 16S rRNA gene sequence of the treponemes isolated from pig lesions showed that on a genotypic basis, these treponemes are very similar/identical to those isolated from other species, including humans, cattle, goats, sheep and elk (Sullivan et al., 2014; 2015; 2015b; Clegg et al., 2014). This adds further weight to the suggestion that these bacteria can be transmitted between farm animals which are housed in close proximity. 
Although flank lesions are typically referred to as ‘flank biting’, we did not observe any pigs biting flanks when no lesions were present. We therefore hypothesise that it is possible that the initial lesion results from factors that compromise skin defences, that this allows the entry of the treponemes, and the irritation produced and the appearance of the lesion leads to both self-trauma by the affected animal and biting by other animals in the same pen. Likewise, it could be hypothesised that the initial lesion precipitating tail biting is a primary treponeme erosion, and this attracts other pigs to bite and produce much more serious secondary pathology. 
Studies have suggested that adding stimulation for pigs in the enclosure prevents the large scale biting of tails and may help to prevent the infections reported here (Telkanrantaa et al., 2014). However, as the tail lesions appear at least exacerbated by infection, rather than due to trauma alone, this husbandry approach, along with tail docking, may not completely prevent tail lesions developing. Additional treatment with antibiotics may be useful, although antibiotic sensitivities for pig treponemes have not yet been elucidated. This is similar to the now widespread use of disinfectant foot baths for bovine DD control, or as used in the disinfection of pigs with ‘greasy pig’ disease (Thomsen et al., 2008; Foster, 2012). 
The isolation and presence of all three common DD treponemes phylogroups in pig skin lesions adds further evidence to the promiscuous nature of the DD-associated treponeme bacteria, which have now been found in various lesions in most farmyard mammals (Sullivan et al., 2015; 2015b; Evans et al., 2008; Pringle et al., 2009) and wild elk (Clegg et al., 2014). The data also suggests that these very adaptable organisms may well colonise other sites in other host species and vigilance is required as these bacteria are not easily treated by currently available agents in veterinary medicine.

Conclusions 
This study shows that treponemes, closely and causally associated with digital dermatitis in livestock and wildlife species are detected in 88% (22/25), 72% (8/11) and 82% (14/17) of pig tail, ear and flank lesions, respectively. Additionally, isolation of the bacteria and 16S rRNA gene sequencing showed that the bacteria were similar or in some cases identical to those isolated from other animals.  Sequencing of further genes also showed that multiple lesions on the same animal can be infected with the same bacteria. 

Figure Legends
Figure 1. Photographs showing the presentation of lesions seen on the flank (a), ear (b) and tail (c) of pigs. 

Figure 2. 16S rRNA gene sequence phylogeny of treponemes cultured from pig skin lesions. Comparison of treponeme sequences isolated from pig lesions in this study to treponemes isolated from cattle, humans, goats, elk and sheep (for clarity, bootstrap values below 65 were removed). Sequences from Genbank of human treponemes, and other related treponemes are also shown, with the accession number in parentheses. The sequences from isolates in this study are labelled with pig number (as shown in Figure 1).  
Key: DD1, DD2 and DD3 refer to the DD treponeme phylogroups, where DD1 is T. medium phylogroup, DD2 is T. phagedenis phylogroup and DD3 is T. pedis phylogroup.

5.	Acknowledgements 
We are grateful to the participating farms and fallen stock centre. This work was funded by a Biotechnological and Biological Sciences Research Council (BBSRC) grant (BB/K009443/1).

References 
1.	Boender, G. J, Meester, R., Gies, E., De Jong, M. C. M. 2007. The local threshold for geographical spread of infectious diseases between farms. Preventive Veterinary Medicine, 82, 90-101, 
2.	Boender, G. J., Hagenaars, T. J., Bouma, A., Nodelijk, G., Elbers, A. R. W., Mart, C., de Jong, M., van Boven, M. 2007b. Risk Maps for the Spread of Highly Pathogenic Avian Influenza in Poultry. PLoS Compututational Biology. 3: 0704-0712
3.	Chua, P. K., Corkill, J. E. Hooi, P. S.  Cheng, S. C.  Winstanley, C., Hart, C. A. 2005. Isolation of Waddlia malaysiensis, a novel intracellular bacterium, from fruit bat (Eonycteris spelaea). Emerging Infectious Diseases., 11. 271–277
4.	Clegg, S. R., Mansfield, K. G., Newbrook, K., Sullivan, L. E.,  Blowey, R. W., Carter, S. D., Evans, N. J. 2014. Isolation of digital dermatitis treponemes from hoof lesions in wild North American elk (Cervus elaphus) in Washington State, USA. Journal of Clinical Microbiology.  53. 88-94
5.	Dawson, J. C. 1998. Digital dermatitis - survey and debate. Proceedings of the XXth World Buiatrics Congress, Sydney. pp 91-93
6.	Dhawi, A., Hart, C. A., Demirkan, I., Davies, I. H., Carter, S. D. 2005. Bovine digital dermatitis and severe virulent ovine foot rot: a common spirochaetal pathogenesis. Veterinary Journal. 169. 232-41.
7.	Duncan, J.S.,  Angell, J. W., Carter, S. D., Evans, N. J., Sullivan, L. E., Grove-White, D. H. 2014. Contagious ovine digital dermatitis: An emerging disease. Veterinary Journal. 201. 265-268.
8.	Evans, N. J., Brown, J. M., Demirkan, I., Murray, R. D., Vink, W. D., Blowey, R. W., Hart, C. A., Carter, S.D. 2008. Three unique groups of spirochetes isolated from digital dermatitis lesions in UK cattle. Veterinary Microbiology. 130. 141-150.
9.	Evans, N.J, Brown, J. M, Demirkan, I., Murray, R.D, Birtles, R.J., Hart, C. A., and Carter, S. D. 2009. Treponema pedis sp. nov., a spirochaete isolated from bovine digital dermatitis lesions. International Journal of. Systemic and Evolutionary Microbiology., 59, 987–991
10.	Evans, N. J., Brown, J. M., Demirkan, I., Singh, P., Getty, B., Timofte, D., Vink, W. D., Murray, R. D., Blowey, R. W., Birtles, R. J., Hart, C. A., Carter, S. D. 2009b. Association of unique, isolated treponemes with bovine digital dermatitis lesions. J. Clin. Micro. 47, 689-696
11.	Evans, N. J., Timofte, D., Carter, S. D., Brown, J. M., Scholey, R., Read, D. H., Blowey, R. W. 2010. Association of treponemes with bovine ulcerative mammary dermatitis. Veterinary Record. 24. 532-533
12.	Foster, A. P. 2012. Staphylococcal skin disease in livestock. Veterinary Dermatology. 23. 1365-3164
13.	Harley S., Boyle, L.A.,  O’Connell, N. E.,  More, S. J., Teixeira, D. L.  Hanlon. A. 2014. Docking the value of pigmeat? Prevalence and financial implications of welfare lesions in Irish slaughter pigs. Animal Welfare. 23: 275-285.
14.	Huey, R. J. 1996. Incidence, location and interrelationship between the sites of abscesses recorded in pigs at a bacon factory in Northern Ireland. Veterinary Record. 133, 511–414.
15.	Hunter, E. J., Jones, T. A., Guise, H. J., Penny, R. H. Hoste, S. 1999.
Tail biting in pigs 1: the prevalence at six UK abattoirs and the relationship
of tail biting with docking, sex and other carcass damage. Pig Journal 43,
18-32
16.	 Hunter, E. J., Jones, T. A., Guise, H. J., Penny, R. H. Hoste, S. 2001.
The relationship between tail biting in pigs, docking procedure and other
management practices. Veterinary Journal 161, 72-79
17.	Karlsson, F., Svartström, O., Belák, K., Fellström, C., Pringle, M. 2013. Occurrence of Treponema spp. in porcine skin ulcers and gingiva. Veterinary Microbiology.  30. 402- 409. 
18.	Karlsson, F., Klitgaard, K., Jensen, T. K. 2014. Identification of Treponema pedis as the predominant Treponema species in porcine skin ulcers by fluorescence in situ hybridization and high-throughput sequencing. Veterinary Microbiology. 171. 122-31. 
19.	Liu, J., Wang, J-K., Zhu, W., Pu, Y-Y., Guan, L-L., Liu, J-X. 2013. Monitoring the rumen pectinolytic bacteria Treponema saccharophilum using real-time PCR. FEMS Microbiology Ecology. 87. 1574-6941
20.	Milne, I., Lindner, D., Bayer, M., Husmeier, D. McGuire, G., Marshall, D. F., Wright, F. 2009. TOPALi v2: a rich graphical interface for evolutionary analyses of Phylogenetics. Bioinformatics. 25. 126-127
21.	Moinard, C., Mendl, M., Nicol, C. J., Green, L. E. 2003. A case control study of on-farm risk factors for tail biting in pigs. Applied Animal Behaviour Science. 81, 333-355
22.	Moore, LJ, Woodward, MJ, Grogono-Thomas, R.  2005. The occurrence of treponemes in contagious ovine digital dermatitis and the characterisation of associated Dichelobacter nodosus. Veterinary Microbiology. 111:199-209.
23.	Moutou, F., Durand, B. 1994. Modelling the spread of foot-and-mouth disease virus. Veterinary Research, 25 279-285
24.	Mumba, T.,  Döpfer, D., Kruitwagen, C., Dreher, M., Gaastra, W., van der Zeijst, B. A. M. 1999. Detection of Spirochetes by Polymerase Chain Reaction and its Relation to the Course of Digital Dermatitis after Local Antibiotic Treatment in Dairy Cattle. Journal of Veterinary Medicine, Series B. 46. 1439-0450
25.	Osorio, J., Carvajal, A., Naharro G, La, T., Phillips, N. D., Pedro Rubio, Hampson, D. J. 2012. Dissemination of Clonal Groups of Brachyspira hyodysenteriae amongst Pig Farms in Spain, and Their Relationships to Isolates from Other Countries. PLoS ONE 7
26.	Petersen, H.H., Nielsen, E.O., Hassing, A.G., Ersboll, A.K., Nielsen J.P. 2008 Prevalence of clinical signs of disease in Danish finisher pigs. Veterinary Record., 162  377–382
27.	Pringle, P., Backhans, A., Otmanc, F., Sjölundd, F., Fellström, C. 2009. Isolation of spirochetes of genus Treponema from pigs with ear necrosis.  Veterinary Microbiology. 139, 279–283
28.	Sayers, G., Marques, P., Evans, N. J., O'Grady, L., Doherty, M. L., Carter, S. D., Nally J. E. 2009. Identification of spirochetes associated with contagious ovine digital dermatitis. Journal of Clinical Microbiology. 47. 4, 1199-201.
29.	Smith, W. J., Penny, R. H 1986. Behavioral problems including vices and cannibalism. In Diseases of Swine. 6th edn. Eds A. D. Leman, B. E. Straw,
R. D. Glock, W. L. Mengeling, R. H. C. Penny, E. Scholl. Ames, Iowa State
University Press. pp 762-772
30.	Sullivan, L. E., Evans, N. J., Clegg, S. R., Carter, S. D., Horsfield, J. E., Grove-White, D., Duncan, J. S. 2014. Digital dermatitis treponemes associated with a severe foot disease in dairy goats. Veterinary Record. 176):283
31.	Sullivan, L. E., Evans, N. J., Blowey, R. W. Grove-White, D. H., Clegg, S. R., Duncan, J. S., Carter, S. D. 2015. A molecular epidemiology of treponemes in beef cattle digital dermatitis lesions and comparative analyses with sheep contagious ovine digital dermatitis and dairy cattle digital dermatitis lesions, Veterinary Microbiology. In press 
32.	Sullivan, L. E., Clegg, S. R., Angell, J. W., Newbrook, K., Blowey, R. W., Carter, S. D., Bell, J., Duncan, J. S., Grove-White, D. H., Murray, R. D., Evans, N. J. 2015b. High-Level Association of Bovine Digital Dermatitis Treponema spp. with Contagious Ovine Digital Dermatitis Lesions and Presence of Fusobacterium necrophorum and Dichelobacter nodosus. Journal of Clinical Microbiology. 53. 1628-1638
33.	Svartström, O., Karlsson, F., Fellström, C., Pringle, M. 2013. Characterization of Treponema spp. isolates from pigs with ear necrosis and shoulder ulcers. Veterinary Microbiology. 25. ; 617-23
34.	Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011. MEGA5: Molecular Evolutionary Genetics Analysis using Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony Methods. Molecular Biology and Evolution 28: 2731-2739.
35.	Telkänrantaa, H., Swan, K., Hirvonen, H, Valrosa, A. 2014. Chewable materials before weaning reduce tail biting in growing pigs. Applied Animal Behaviour Science
157, 14–22
36.	Thomsen, P.T., Sørensen, , J.T., Ersbøll†. A.K. 2008. Evaluation of Three Commercial Hoof-Care Products Used in Footbaths in Danish Dairy Herds. Journal of Dairy Science. 91. 1361–1365
37.	Wallgren, P., Lindahl, E. 1996.. The influence of tail biting on performance of fattening pigs. Acta Veterinaria Scandinavia 37, 453–60.
38.	Whay, H. R., Leeb, C., Main, D. C. J., Green, L. E., Webster, A. J. F. 2007. Preliminary assessment of finishing pig welfare using animal-based measurements. Animal Welfare. 16, 209-211
39.	Weissenbacher-Lang C, Voglmayr T, Waxenecker F, Hofstetter U, Weissenböck H, Hoelzle K, Hoelzle LE, Welle M, Ogris M, Bruns G, Ritzmann M. 2012. Porcine ear necrosis syndrome: a preliminary investigation of putative infectious agents in piglets and mycotoxins in feed. Veterinary Journal. 194. 392-397.
40.	Zonderland, J. 2010. Quantifying the development of tail biting in pigs. PhD thesis. Wageningen University
41.	Zuerner, R. L., Heidari, M., Elliott, M. K., Alt, D. P., Neill, J. D. 2007. Papillomatous digital dermatitis spirochetes suppress the bovine macrophage innate immune response. Veterinary Microbiology. 125. 256-64





3



